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Investigation of Thickness Effect on Electric
Breakdown Strength of Polymers
Under Nanosecond Pulses

Liang Zhao, Guo-zhi Liu, Jian-cang Su, Ya-feng Pan, and Xi-bo Zhang

Abstract—The thickness effect on electric breakdown strength
(Egp) of four kinds of polymers under nanosecond pulses is
investigated. The polymers are polyethylene, PTFE, PMMA, and
nylon. The test samples are 0.5-3.5 mm in thickness (d) and are
immersed in transformer oil. The nanosecond pulse is based on a
Tesla-type generator, TPG200, which is with values of pulsewidth
of 8.5 ns and rise time of 1.5 ns. The experimental results show that
Egp is 1-2 MV/cm and decreases as d increases. The dependence
of Egp on d is analyzed with the Weibull statistical distribution.
It is concluded that log Egp versus log d is linear. By replotting
the experimental data and by comparing with Martin’s results, it
is found that the slope for the linear dependence is about —1/8.
With this conclusion, the breakdown probability is researched. It
is shown that, to get a breakdown probability as low as 0.5%, the
applied field should be decreased to about half of Egp.

Index Terms—Breakdown mechanism, electric breakdown
strength, polymers, thickness effect, Weibull distribution.

I. INTRODUCTION

OLYMERS are widely used in pulsed-power systems as

insulators and supports [1]-[4]. It is of great importance
to research the breakdown characteristics of polymers under
nanosecond pulses. In 1960s, Martin presented some results and
formulas on this subject, which were about the volume and the
pulse number effects on the electric breakdown strength (Epp )
[5], [6]. Some other experimental results on this subject were
also reported, which are about the pulsewidth effect on Epp
[7], pulse polarity effect on Epp [7], and repetition-rate effect
on Epp [8], [9]. These literatures are useful for the design and
application of polymers in nanosecond time scale.

Aside from these reports, the thickness effect on Epp should
also be researched, since this effect is directly related to the
size and volume of an insulator or a support. However, there is
scarce literature on this research; there are only literatures on
the thickness effect in microsecond time scale [10]-[12] and in
ac/dc time scales [13]—[18]. These literatures are valuable since
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they can be used as reference for carrying on the investigation
on the thickness effect in nanosecond time scale.

This paper reports the experiments on the thickness effect
conducted in the Northwest Institute of Nuclear Technology
(NINT). The experiments are with two features: First, the test
samples are common in pulsed-power systems with thickness
ranging from 0.5 to 3.5 mm, and second, the nanosecond pulse
is trapezoidal with a pulsewidth of 8.5 ns. The test samples
and the experimental setup are introduced in Section II. The
experimental results are presented in Section III. The theoretical
analysis is dealt with in Section IV. The breakdown probability
indicated by the thickness effect is discussed in Section V. The
last section, Section VI, is devoted for the conclusions of this

paper.

II. EXPERIMENTAL SETUP AND PROCEDURES

This section mainly introduces the experimental setup, test
samples, electrodes, and a set of procedures to provide a better
understanding for the experimental results.

A. Experimental Setup

Fig. 1 shows the experimental setup, which comprises a
TPG200 generator, a sample tank, a load tank, a diagnostic
system, a dc charging power, and a trigger generator. The output
values of the experimental setup are listed in Table I. For this
setup, TPG200 is a Tesla-type pulsed-power generator; a Tesla
transformer built in pulse forming line and a gas switch (also
the main switch) are the main components of this kind of
generator [4], [19]. The sample tank is cascaded with TPG200
to accommodate the electrode and the test sample. The load
tank is bypassed with the sample tank and has a matched high-
frequency membrane resistor in it to absorb the reflected energy
from the test sample. Both the two tanks are filled with clear
transformer oil to prevent surface flashover as well as to dissi-
pate heat. The diagnostic system monitors four signals: voltage
on the Tesla transformer, voltage on the membrane resistance,
voltage on the test sample, and current through the test sample.
The four signals are linked to an oscillograph—DPO4000. The
dc charging power supplies energy for TPG200. The trigger
generator triggers TPG200.

B. Test Samples

Fig. 2 shows the test samples, which are made of poly-
ethylene (PE), PMMA (organic glass), PTFE (Teflon), and
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Fig. 1. Schematic view of experimental setup TPG200. (A) Secondary voltage. (B) Sample voltage. (C) Sample current. (D) Load voltage.
TABLE 1
OUTPUT VALUES OF THE EXPERIMENTAL SETUP Sample Vo/tage Divider
Parameter Value
Maximum voltage on sample 300 kV . — Cable Head
Pulse width 8.5ns .
Rise time 1.5 ns (60atm) Higi=licitage Electnode
Output mode +/- pulse Low-Voltage Electrode

Repetition rate Single shot/ 50Hz

PMMA Nylon

Fig. 2. Photograph of four kinds of polymers.

nylon (polyamide), respectively. The thickness for these sam-
ples ranges from 0.5 to 3.5 mm; the diameter is fixed as 40 mm.
All four kinds of samples are cleaned and dried before being
tested.

C. Electrodes

Fig. 3 shows the electrodes, which consist of a hemisphere
and a cylinder. Both the hemisphere and the cylinder are made
of copper and are 60 mm in diameter. The distance between the
electrodes can be adjusted in a wide range. The field enhance-

Transformer Qil

Rogowski Coil

Fig. 3.

Photograph of the electrodes.

ment factor (FEF) for the electrodes is calculated according to
the following formula [10]:
o 241/2(d + )/
P e [(2d+ v +2dY/2(d +1)V/2) /]

ey

where fs_, is the FEF, d is the sample thickness, and r is
the radius of the hemisphere. With this formula, the maximum
FEF is calculated as 1.05. Therefore, the electric field can be
considered quasi-uniform, and Egp can be calculated as

VBD

Epp = ——.

d @

D. Experimental Procedures

The experimental procedures are as follows.

Step 1) Choose six samples with the same thickness of one
kind of polymer. Test each of them, and average the
data to obtain one Egp-versus-d point.

Repeat step 1) five times. For each time, the sam-
ple thickness is increased. Thus, five Fpp-versus-d
points of one kind of polymer are obtained.

Change the polymer type. Repeat steps 1) and
2) for the other three kinds of polymers. Therefore,
the Epp-versus-d data for four kinds of polymers
are obtained.

Step 2)

Step 3)
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Fig. 4. Breakdown and normal waveforms on the test sample. (a) Voltage
waveforms. (b) Current waveforms.

Fig. 4(a) and (b) shows the typical breakdown voltage and
current waveforms, respectively. From Fig. 4(a), it is seen that,
although the two voltage waveforms are with the same electric
field rise time rate, the flatness of the breakdown waveform
vanishes which results in a triangular waveform. Moreover, the
oscillations in the wave tail become smaller. From Fig. 4(b), it
is seen that the breakdown current waveform is oscillating, and
its amplitude gets larger. Both the details on the voltage and
current waveforms denote that breakdown has occurred on the
test sample and the sample does not hold the pulse any more.

III. EXPERIMENTAL RESULTS

Fig. 5 shows the breakdown voltage versus polymer thick-
ness. From this figure, it is seen that the breakdown voltage
(Upp) increases as d increases for all the four kinds of poly-
mers. Based on the data in Fig. 5 and with (2), Egp versus d
is obtained and shown in Fig. 6. This figure indicates that F'gp
decreases as d increases. Moreover, the tendency is nonlinear.

IV. THEORETICAL ANALYSIS

The dependence of Epp on polymer thickness is analyzed
with the Weibull statistical distribution. Moreover, Martin’s
formula is reanalyzed to derive the Epp-versus-d regularity.
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Fig. 5. Uspp versus d for four kinds of polymers.
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Fig. 6. Epp versus d for four kinds of polymers.

A. Thickness Dependence Indicated by Weibull Distribution

The Weibull distribution is a widely used method to
evaluate the high-voltage breakdown phenomenon [20]-[23].
The two-parameter Weibull distribution is shown as
follows:

F(E)=1-—exp (_E:) 3

where F'(FE) is the breakdown probability, E is the applied
field, and m and n are the shape parameter and the dimension
parameter, respectively. If F is equal to /™, F(E) = 0.6321.
Moreover, this field is defined as Egp.

To derive the dependence of Epp on d, suppose two con-
ditions. First, a group of thin samples with thickness of dy
is tested. Second, a group of thick samples with thickness of
d (d = Ndp) is tested. The two groups are with the same
cross section. Define that the breakdown probability for the
thin group can be depicted by (3) and its breakdown strength
is Eppg. For the thick group, assume that each sample is equiv-
alent to /V thin samples stuck together. Hence, the probability
for this group without breakdown is

Em\Y B
Ry(E) = exp <77> = exp <n) . 4)
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Fig. 7. Epp versus d in a log—log coordinate system.

Moreover, the breakdown probability is

E'm
Fn(E)=1-Rn(E)=1—exp <_T> . (5)
N
Hence, the breakdown strength for the thick group is
1 1 L
n\m ™oL
(@) o

Take into account the preconditions that d = Ndy and
n*/™ = Epgpyg, (6) is simplified as

1
dy* Espo
i

Eppy =

(N

m

If the thin samples are standard with unit thickness (for
example, dy = 1 mm), then d(l)/ ™ Erpo = Espo. Getting rid of
the subscript NV in (7) gives

®)

Since 1/m >0, Epp will decrease as d increases. This
agrees with the Egp-versus-d tendency shown in Fig. 6.

Making a logarithmic transformation for (8) and letting C' =
log Egpg give

log Fgp = C — 1 log d. 9)
m

Equation (9) shows that log Epp is linear to log d. Based on
this conclusion, the Epp-versus-d data in Fig. 6 are replotted
in a log—log coordinate system, as shown in Fig. 7. From
this figure, one can find a good linearity for each kind of
polymer. Therefore, (9) is proved. Moreover, the Fpp-versus-d
regularity shown in (8) is also proved.

Table II lists the fitting parameters of 1/m and Epp for each
kind of polymer. From this table, it is found that the slope of
1/m for each polymer is around 1/8, except that of PMMA.

For this exception, it is believed that this results from the
material’s poor property. Fig. 8 shows the microscopic pho-
tographs of a breakdown PMMA sample and a PE sample.
From the two photographs, one can find that there are pores
and void in the PMMA sample, whereas there are few pores
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TABLE 1I
FITTING PARAMETERS FOR FIG. 7
Polymer 1/m Egpo
PE 1/8.66 1.233
Nylon 1/7.74 1.578
PTFE 1/6.42 1.729
PMMA 1/2.83 1.798

(@) (b)

Fig. 8. Enlarged photographs of the breakdown (a) PMMA and (b) PE
samples.

and void in the PE sample. It is considered that the relatively
larger amount of the pores and void is the reason that the Epp
of PMMA decreases faster as the thickness increases.

B. Further Analysis on Thickness Effect on Epp

To further research the Epp-versus-d regularity of poly-
mers, the famous formula suggested by Martin in the Atomic
Weapons Research Establishment (AWRE) [5], [6] is reana-
lyzed, which is

EgpV1o =k (10)
where V' is the volume in cubic centimeters and k is a constant.
By supposing that the test samples are with the same cross
section S, V' can be expressed as

V=5-d (11)
Additionally, (10) can be rewritten as
k k-S o
Epp = = . 12
PP s a)® dio 12)

Since k and S are both defined as constants, £S~1/10 is
therefore a constant. By comparing (12) with (8), it is found
that the two equations are with the same form, except the power
exponent.

To make sure of the exact value of the power exponent, the
experimental results in AWRE are replotted and compared with
the data obtained in this paper, as shown in Fig. 9. From this
figure, it is seen that the two sets of data are basically parallel
to each other. Table III lists the slopes for each kind of polymer
in AWRE as well as in NINT. From this table, it is found that
the slope is in the vicinity of —1/8. This value is consistent with
that in NINT. Thus, it can be concluded that the exponent for
the power relation of Ep versus d in (8) is averaged 1/8.

It is worth mentioning that, for Martin’s results, the slope of
PMMA is 1/7.9. This presents another proof for the discrepancy
of the PMMA data in NINT.
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Fig. 9. Comparison of the Epp-versus-d data in NINT and in AWRE.
The conditions in NINT are pulsewidth of 8.5 ns, sphere—cylinder electrode,
and quasi-uniform electric field. The conditions in AWRE are pulsewidth of
10 ns, CuSOy4-solution film electrode, and uniform electric field. The two sets
of data are unified by choosing the Egp of PE as a criterion and by employing
thickness as argument.

TABLE 1II

FITTING PARAMETER OF 1/m FOR FIG. 9
Polymer AWRE NINT
PE 1/8.1 1/8.66
PTFE — 1/6.42
PMMA 1/7.9 1/2.83
PP 1/8.2 —
Nylon — 1/7.74
Tedlar 1/8.5

V. DISCUSSIONS

Based on the aforementioned experiments and analysis, dis-
cussions on the breakdown probability can be made.

With the conclusion in the aforementioned section and by
substituting m of eight and 1 of ES}, into (3), the specific
expression of the Weibull distribution is obtained, which is

Fr 1o (- ()

According to this expression, the breakdown probability
of polymers under nanosecond pulses can be predicted. For
example, if the applied field is decreased to half of Epp, then
the breakdown probability will be as small as 0.4%; if the
applied field is decreased to one-third of Epp, the breakdown
probability will be 0.01%, as shown in Fig. 10.

Since, in the engineering perspective, the breakdown prob-
ability of an insulator is expected to decrease to a certain low
level to ensure the reliability, it is believed that (13) and Fig. 10
would be helpful for designers on insulator design.

(13)

VI. CONCLUSION

The thickness effect on electric breakdown strength of four
kinds of polymers under nanosecond pulses is explored ex-
perimentally. It is derived that the relation of Epp versus d
submits to minus power law and the power exponent is 1/8.
From the engineering perspective, if an insulator is expected
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Fig. 10. Breakdown probability versus the normalized applied field.

with breakdown probability lower than 0.5%, the applied field
should be smaller than half of Ep.

Since the breakdown characteristics of polymers under
nanosecond pulses are complicated and many factors would
have effects on Ep, future work is to research these relative
factors. According to the arrangements in NINT, experiments
on factors such as electrode material, electrode configuration,
pulse polarity, and pulsewidth will be carried out successively.
Moreover, a more specific breakdown mechanism will be fo-
cused on.
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